Objective: To investigate whether prevalent hospital-acquired pneumonia and wound infection affect the clinical long-term outcome after acute traumatic spinal cord injury (SCI).
Results: A total of 1,203 patients met the eligibility criteria. During hospitalization, 564 patients (47%) developed Pn/Wi (pneumonia n 5 540; postoperative wound infection n 5 11; pneumonia and postoperative wound infection n 5 13). Adjusted linear mixed models after multiple imputation revealed that Pn/Wi are significantly associated with lower gain in FIM motor up to 5 years after SCI (27.4 points, 95% confidence interval [CI] 211.5 to 23.3). Adjusted Cox regression identified Pn/Wi as a highly significant risk factor for death up to 10 years after SCI (hazard ratio 1.65, 95% CI 1.26 to 2.16).
Conclusion:
Hospital-acquired Pn/Wi are predictive of propagated disability and mortality after SCI. Pn/Wi qualify as a potent and targetable outcome-modifying factor. Pn/Wi prevention constitutes a viable strategy to protect functional recovery and reduce mortality. Pn/Wi can be considered as rehabilitation confounders in clinical trials. Despite increasing translational efforts for developing new treatments for spinal cord injury (SCI), 1,2 a neurobiological remedy has not yet been established. 3, 4 Moreover, the rate of endogenous recovery can vary substantially regardless of similar lesion size and location, implying the existence of outcome-modifying factors after SCI. Acquired respiratory infections 5, 6 are the main cause of death after SCI 7 and the consecutively reduced life expectancy in patients with chronic SCI has been refractory to improvement over the last 3 decades. 8 The loss of CNS control over the peripheral immune system results in a SCI-induced immunodeficiency syndrome, [9] [10] [11] [12] [13] [14] [15] [16] [17] which fosters susceptibility to SCI-associated infections. 18 Besides increasing mortality, acquired infections are associated with impaired neurologic recovery within the first year after SCI, as we demonstrated in a previous study. 19 However, the long-term effect of hospital-acquired infections on disability and mortality after SCI remains elusive.
Within a large prospective, multicenter, observational database, [20] [21] [22] [23] this cohort study investigates whether infections with onset during the initial hospitalization period restrict the patients' recovery of physical independence. In particular, hospital-acquired pneumonia or postoperative wound infection (Pn/Wi) are analyzed. Functional recovery during 5-year follow-up is measured with the motor items of the Functional Independence Measure (FIM motor ) as the most widely accepted and applied instrument for comprehensive assessment of rehabilitation outcome. 24 Considering Pn/Wi-related deaths as a putative cause of loss to follow-up, we analyze the infectionassociated mortality during a period of 10 years post SCI.
METHODS Database information. The datasets were obtained from the prospective multicenter National Spinal Cord Injury Database (NSCID), Birmingham, Alabama. Data of patients with acute traumatic SCI were collected in specialized SCI care centers (SCI model systems). Various procedures to assure quality and validity of collected data have been described in detail in the syllabus and in previous publications. [20] [21] [22] [23] Standard protocol approvals, registrations, and patient consents. The participating institutions' Review Boards approved the database and enrollment was performed in accordance with the Declaration of Helsinki. The relevant data collection syllabuses 2000-2005 and 2006-2011 as well as the case report forms are available on the NSCID website (nscisc.uab.edu/ nscisc-database.aspx). All participants were informed about the aim of the study and gave their written informed consent.
Eligibility criteria. The process of dataset selection according to predefined criteria is illustrated in the enrollment chart (figure 1A). Patients with acute traumatic SCI were assigned to longitudinal follow-up according to the NSCID condition of admission within 24 hours after injury. Datasets from patients enrolled from January 1995 to December 2005 were screened. This time period was determined by the NSCID data collection protocol: (1) long-term follow-up of the FIM motor as primary outcome parameter was implemented in 1995 and (2) Pn/Wi as clinical key parameters of the study were removed from the data collection protocol in 2005.
Patients with cervical SCI and clear motor impairment as defined by the American Spinal Cord Injury Association (ASIA) impairment scale (AIS) grade A, B, or C were selected for the analysis. The study population was confined to cervical SCI and to AIS A-C severity in order to limit the otherwise huge heterogeneity of the functional baseline after acute SCI and to represent a relevant clinical cohort for interventional testing. Furthermore, the selection of patients with cervical SCI with a clear motor deficit prevents ceiling effects in the functional long-term outcome measures most relevant for patients with AIS D. 3, 25 Exclusion criteria were age ,16 or .75 years, stay in hospital or nursing home prior to injury, or rehospitalization for unspecified infectious and parasitic diseases during follow-up. Furthermore, datasets with missing neurologic or functional baseline examination at admission to acute medical care and to inpatient rehabilitation were excluded. The AIS is also encoded as missing if important medical conditions prevent International Standards for Neurologic Classification of Spinal Cord Injury (ISNCSCI) examination. Thus, serious concomitant injuries affecting the level of consciousness such as severe and moderate traumatic brain injury are excluded. In addition, datasets without any information on Pn/Wi during the entire period of initial hospitalization were excluded ( figure 1A ).
Assessments. The FIM motor assesses the degree of disability by measuring the most common functional meaningful actions of daily life (figure e-1 at Neurology.org) and correlates very well with the SCI-specific Spinal Cord Independence Measure. 26 FIM motor data were collected using observer's ratings or structured interviews as recommended by its developers. 27 The FIM motor items were assessed at 4 subsequent time points during a follow-up period of 5 years: at admission to inpatient rehabilitation (baseline), at discharge from inpatient rehabilitation (discharge), at the first annual examination after SCI (1 year), and at the 5-year examination (5 years) after SCI (figure 1B). For patient classification according to the ISNCSCI, 28 the injury severity (AIS) and the neurologic level were assessed at admission to acute care or inpatient rehabilitation. Furthermore, sociodemographic and clinical baseline characteristics were collected.
Specific hospital-acquired infections documented in the NSCID are pneumonia and postoperative wound infections. Pneumonia is defined as a state of lung tissue inflammation of infectious etiology with radiographic demonstration of parenchymal disease. Postoperative wound infection is defined as wound infection occurring at the site of spinal surgery in reasonable relation to the date of surgery. The onset of both types of infection must have been during acute medical or surgical care or inpatient rehabilitation. Mortality of the study participants was assessed using information on the date of death, which is collected through various mechanisms such as clinical records, obituary, returned mail, and regularly performed social security death index queries. For further data processing, the MySQL database was imported into an SPSS (Chicago, IL) data file. Pneumonia or postoperative wound infection documented at least once during initial hospital care were combined into one variable for analysis (Pn/Wi). From the 13 FIM motor items, the FIM motor total score and 4 different FIM motor subscores were calculated. Differences between FIM motor at baseline and the follow-up assessments were calculated. The single neurologic level was calculated from the sidespecific sensory and motor levels according to the ISNCSCI 28 definitions. Neurologic level and AIS missing at admission to inpatient rehabilitation were replaced by values collected at inclusion in the NSCID.
Data on survival as of January 2016 were included into the dataset. The survival was calculated as the time from date of injury to date of death, censoring at 10 years after SCI at latest.
Statistical analysis. The groups for statistical comparison were defined as patients with Pn/Wi vs patients without Pn/Wi. The distribution of continuous variables was described as median and quartiles. The Mann-Whitney test was applied to compare between the groups. Categorical variables were reported as frequencies and percentages and compared using the x 2 test. Survival curves were drawn using the Kaplan-Meier method. All analyses were performed for the total study population and the AIS subgroups.
In order to correct for attrition bias, linear mixed regression models were performed after multiple imputation. Multiple imputation 29, 30 was regression-based and performed in the analysis dataset (n 5 1,203, figure 1A) . FIM motor at different time points was imputed using linear regression. Ethnic group, marital status, working status, and educational level were imputed using logistic regression. Pn/Wi, age, sex, AIS, neurologic level, and FIM motor at baseline were used as predictors in the missing model but not imputed as they had no missing values. The imputation sequence was Pn/Wi, age, sex, ethnic group, marital status, working status, educational level, AIS at baseline, neurologic level at baseline, FIM motor at baseline, FIM motor at discharge, FIM motor at 1 year, FIM motor at 5 years. Twenty-five imputations were performed and standard errors, including the variation between the imputation steps, were obtained from the SPSS module. A sensitivity analysis was done for cases with complete data (complete case analysis). The linear mixed regression models were calculated with random intercept and FIM motor as dependent variable, 4 time points (baseline, discharge, 1-year follow-up, 5-year follow-up) with time vs Pn/Wi interaction as primary parameter of interest, and baseline as reference category. The models were adjusted for FIM motor score at baseline and were sequentially adjusted and stratified for AIS and further adjusted for neurologic level, age, ethnic group, and working status. For the tests of a time vs Pn/Wi interaction after multiple imputation, the pooled parameter vectors and the within and between variation covariance matrices were transferred from the SPSS output into an R script to perform a multivariate Wald test as described in the textbook by van Buuren, 30 section 6.3.1. For survival analysis, Cox regression models were adjusted and stratified for injury severity (AIS) and subsequently adjusted for neurologic level, age, working status, and educational level.
All tests were 2-sided and the level of significance was 0.05. Correction for multiple comparison was applied using the Bonferroni method. Data processing and statistical analyses were performed with SPSS Statistics for Windows (version 22.0; IBM, Armonk, NY) and RStudio (version 3.3.0) using syntax files that allow for an exact reproduction of the variable transformation, dataset selection, and analysis based on the merged dataset. Graphs were drawn using SPSS and Prism for Macintosh (version 5.0; GraphPad Software, La Jolla, CA). figure 1A ). After application of the eligibility criteria, 1,203 datasets from patients with cervical SCI of AIS grades A, B, and C recruited in 20 SCI centers between January 1995 and December 2005 were included in the analysis. The FIM motor was followed up for 5 years after SCI until July 2011 and the survival status up to 10 years after SCI until January 2016.
RESULTS
During acute medical and rehabilitative inpatient care, 564 patients (47%) developed Pn/Wi. Within this group, 540 are classified as pneumonia, 11 as postoperative wound infection, and 13 as pneumonia and postoperative wound infection.
The baseline characteristics of patients with or without Pn/Wi are similar in terms of age, ethnic group, working status, and educational level (table 1). The groups reveal a statistical difference for the following characteristics: sex, AIS, neurologic level, and FIM at baseline, particularly with higher and more severe lesions in the group with Pn/Wi (table 1).
Differential functional outcome after SCI measured by FIM motor items. The association of Pn/Wi with FIM motor recovery was evaluated at 3 different followup time points (figure 1B) up to 5 years post SCI.
Patients without Pn/Wi have significantly higher differences from baseline in FIM motor total score compared to patients with Pn/Wi at discharge (figure 2). The differences between the groups become larger at 1 year and remained highly significant at 5 years (median [ ). During further follow-up, no statistically significant intergroup differences were observed in the AIS B and C subgroups (figure 2). The FIM motor subscore analysis demonstrates a recovery pattern comparable to the FIM motor total score evaluation in all groups (figure e-2).
The baseline only adjusted linear mixed regression model with the FIM motor total score as a dependent variable calculated in the total sample reveals a highly significant association between Pn/Wi and impaired FIM motor recovery at all follow-up time points ( Stratification of the model for AIS indicates within the AIS A stratum that Pn/Wi is associated with significantly impaired FIM motor recovery up to 5 years after multiple imputation and in the complete case analysis. This association reaches statistical significance after multiple imputation in the AIS B stratum at 5 years and a nonsignificant association in AIS C. This is not observable in the complete case analysis (table 2) .
Infection-associated mortality. The in-hospital mortality is low in groups with (7 of 564; 1.2%) and without (2 of 639, 0.3%) Pn/Wi and not significantly different between the groups (p 5 0.09). Long-term survival curves indicate a higher cumulative mortality in the group of patients with Pn/Wi compared to patients without Pn/Wi in the total population and in the AIS subgroups during the observation period of 10 years ( figure 3) . The Cox regression revealed that Pn/Wi is associated with mortality in the total sample ( DISCUSSION This study provides the first evidence that Pn/Wi acquired during initial hospitalization after SCI sustainably affect the recovery of physical independence and long-term survival. Within regression models, adjusted for the most consistent predictors of functional restoration after acute traumatic SCI, 31 we demonstrate that Pn/Wi are a risk factor for poorer gain in the FIM motor . This is supported by the results of subgroup analyses, stratified for SCI severity by the AIS. Thus, the complementary assumption that the reduced recovery in FIM motor is attributable to the baseline differences between the groups with and without Pn/Wi is less likely. The observed shrinkage of effect sizes after subsequent model adjustment was expected, because the AIS and the neurologic level are highly predictive of functional recovery. 31 Moreover, differences in FIM motor recovery between the groups mainly caused by baseline-dependent compensation 3 can be ruled out through linking the results of this study on FIM motor recovery to the results of a previous study on neurologic outcome, particularly in the ASIA motor score. The differences in FIM motor recovery between patients with and without Pn/Wi detected in this study are in line with published evidence demonstrating impaired ASIA motor score recovery in patients with Pn/Wi compared to patients without Pn/Wi in the previous study. 19 Despite not being population-based, the epidemiologic data and endogenous recovery profiles documented in the NSCID are consistent with other large SCI-specific datasets 3,4,32 and represent the best evidence available to identify disease-modifying factors in SCI at present. The limitation of attrition bias due to loss to follow-up was addressed by multiple imputation, which has been recommended as being more valid than dropping incomplete cases. 33 The results of the fully adjusted linear mixed regression model after multiple imputation are in line with those of the complete case analysis in the total sample during the complete follow-up period. Stratification of the regression models for AIS revealed an attrition bias in the strata of incomplete SCI (AIS B and C). This is irrelevant for the stratum of complete SCI (AIS A). Here, multiple imputation and complete case analysis are matching. In patients with incomplete SCI, the association of Pn/Wi with decrease in FIM motor observed after multiple imputation at 5 years is not detectable in the complete case analysis. The higher variation of outcome 4 and the lower sample size in the AIS B and C strata make these groups more susceptible to attrition bias. This is probably also related to increased loss to follow-up due to mortality of more severely affected patients in the group with Pn/Wi (figure 3). The explorative survival analyses of the AIS subgroups indicate a nonsignificant association of Pn/Wi with mortality also in patients AIS B and C.
Pn/Wi is associated with a loss of approximately 7 points in the 5-year follow-up FIM motor , which can, for example, make the difference between no assistance and full assistance in one of the 13 FIM motor items (figure e-1). This effect can be attributed mainly to pneumonia rather than to postoperative wound infections, because the rate of wound infections is low in this study. Notably, ubiquitous urinary tract infections are not encoded in the NSCID and thus could not be taken into account. The observed effects might be even stronger if all infections could be excluded from the group without Pn/Wi. Hospital-acquired Pn/Wi have extended effects beyond neurologic impairment after cervical SCI and are potent denominators associated with poor longterm recovery of physical independence. Consequently, Pn/Wi qualify as targetable disease-modifying factors after SCI. Moreover, hospital-acquired Pn/Wi during the first months after SCI are associated with longterm mortality thereafter independent of baseline characteristics such as age, lesion level, and severity.
Considering patients with SCI to be at risk for developing infections encourages a rethinking of treatment algorithms to improve medical care. The development of early diagnostic tools will be instrumental to inform effective, individualized preventive therapeutic strategies (precision medicine). 34 It is warranted to extend from preventive antibiotic treatment regimens as being ineffective in reducing infection rates or improving outcome after ischemic CNS injury. [35] [36] [37] We provide evidence for considering infections as rehabilitation confounders 38 of relevance for patient stratification in clinical trials and the protection of endogenous recovery potential after SCI.
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